Introduction
We documented the presence of a more restrictive receptor (R) for interleukin 13 (IL13) in a vast majority of patients with high-grade glioma (HGG) in situ (1) . Most of the cells within studied tumors appeared to express this receptor for IL13 (1) . IL13 is an immune regulatory cytokine and acts similarly to its homologue, IL4 (2,3). The major difference between the two is the lack of IL13-effect on T cells. IL13 and IL4 act in a similar manner because they share a receptor, IL13/4R, which transduces cellular signals and which was demonstrated in some normal tissues and adenocarcinomas (4, 5) . This receptor is heterodimeric and is composed of 45-kDa, IL13R␣' (6) andvarious genetically engineered derivatives of bacterial toxins, such as Pseudomonas exotoxin (PE) and Diphtheria toxin (DT; 1, 4, 9) . Subsequently, we generated mutants of IL13 which do not signal through the shared IL13/4R, but which still do bind avidly the HGG-associated receptor (12, 13) . Thus, we diverted the molecule of IL13 from its only known form of the physiological receptor and we were able to redirect IL13 to an IL4-independent receptor in gliomas. The mutants of IL13 fused to derivatives of bacterial toxins are extremely potent anti-glioma agents in vitro and in vivo (12) . These drug candidates are in a preclinical stage of evaluation and will be tested in clinics in the near future. It is noteworthy that a prototype cytotoxic anti-HGG agent, a chemical conjugate of transferrin with derivative of DT, has proven to be clinically effective (14) .
There are currently no studies that compare the expression of the two types of IL13 receptor in gliomas with an array of normal human tissues. Since IL13 cytotoxins are traveling the path from bench to clinic, we felt compelled to perform such a detailed analysis. It was important to verify whether or not normal organs can be reservoirs for extremely potent cytotoxins. We used normal tissues of the central nervous system (CNS) and a number of peripheral human tissues using blots or electrophoretic gels with multiple samples of mRNA of variety of organs. Our study offers a unique insight into the presence and biological distribution of the IL13 receptors. Unexpectedly, we identified IL13R␣ as a protein that belongs to a family of tumor antigens evoking usually prominent immune responses in cancer patients. Consequently, the HGG-associated IL13R␣ appears to represent a target for a variety of immunotherapeutic approaches, other than cytotoxins, for the treatment of human malignant gliomas.
Materials and Methods

Sources of RNA
High-grade glioma cell lines A-172 MG, U-373 MG, U-251 MG and human glioblastoma multiforme explant cells isolated in our laboratory, G-48, were grown in culture-appropriate media. Total RNA was extracted from the cells using the acid-guanidium isothiocyanate-phenolchloroform method (15) . Poly(A)ϩ RNA was further isolated using the Mini-oligo(dT) Cellulose Spin Column Kit (5 prime → 3 prime Inc., Boulder, CO). 2 g of Poly (A)ϩ RNA was electrophoresed on a 1% agarose formaldehyde gel, transferred to 0.45 m magna charge nylon (MSI, Westborough, MA) and UV-crosslinked (Stratagene, La Jolla, CA). RNA-blotted membranes were also purchased from Clontech cDNA Probes cDNA probes were generated either by polymerase chain reaction (PCR; IL13R␣ and IL13R␣Ј) or by restriction digest (IL4R ␤ ϭ p140). cDNA containing human IL13R␣ was kindly provided by Dr. Pascual Ferrara of Sanofi Recherche, France, and the cDNA containing human IL13R␣Ј was a generous gift of Dr. Douglas J. Hilton of The Walter and Eliza Hall Institute of Medical Research, Australia, which also contained 93 bases of murine IL3. Plasmid pHuIL4R/ID was used to obtain a fragment of IL4R ␤ by the restriction digest. The fragments were electrophoresed on a 1% agarose gel, excised from the gel and purified using QIAquick Gel Extraction Kit (Qiagen Inc., Valencia, CA). Actin cDNA was purchased from Clontech Labs. The primers for human IL13R␣ were as follows:
The primers for human IL13R␣Ј were as follows:
forward 5Ј-ATTATTAAGCTTATGGAGTGGCCGGCG-3Ј reverse 5Ј-TAACCGGAAGCTTCACTGAGAGGCTTT-3Ј
Northern Blot Analysis
Membranes were prehybridized overnight at 42ЊC in solution consisting of 50% formamide, 5X (SSC), 50 mM sodium phosphate, 5X Denhardts, 50 g/ml sheared salmon sperm DNA, and 1% (SDS). Membranes were subsequently hybridized overnight at 42ЊC in the same solution with the addition of full-length cDNA probes labeled by random priming (Life Technologies, Rockville, MD) with 32 P-dCTP using 1-2 ϫ 10 6 cpm/ml. Following hybridization, the membranes were washed with 2X SSC/0.2% SDS at 42ЊC for 20 min, followed by two washes with 1X SSC/0.1% SDS at 42ЊC for 20 min each. The membranes were exposed to autoradioraphic film X-OMAT AR (Eastman Kodak Co., Rochester, NY) and placed at Ϫ80ЊC for 1, 3 and 14 days. The membranes were subsequently stripped and reprobed up to three more times. The membranes were probed first with IL13R␣, followed by IL13R␣Ј, IL4R ␤ ϭ p140, and actin.
Films were scanned on a transparency scanner at a pixel size of 88 ϫ 88 micron (Molecular Dynamics, Sunnyvale, CA). The images were compiled in Paint Shop Pro V 5.0 (Jasc software Inc., Eden Prairie, MN).
Results
Northern Blot Analysis of Transcripts for IL13R␣ In Normal Organs
IL13R␣ is a monomeric form of an IL4-independent, IL13 receptor ( Fig. 1C , and Fig. 2 , closed drawing) that is associated with selected malignancies, including human malignant gliomas. It would, thus, be desirable for the purpose of exploiting this receptor for diagnosis, imaging and treatment of HGG, that IL13R␣ was expressed primarily in transformed tissues and not in healthy, unchanged organs. To first explore the expression of IL13R␣ in physiology, we performed extensive examination of the presence of transcripts for this protein among multiple normal tissues, including 20 discrete regions of the CNS and a variety of normal peripheral organs. All Northern blots using the same membranes were performed with respective labeled cDNAs in the following order: IL13R␣, IL13R␣Ј, IL4R ␤ and ␤-actin. This assured us of not underestimating the levels of transcripts for IL13R␣ due to the usage of membranes with mRNA. Both the dot-blot analyses (not shown Clontech cat # 7770-1 and 7775-1), and the electrophoretically separated transcripts for IL13R␣ (Fig. 2 , panels I-IV) demonstrated mostly undetectable, or very weak signals in few cases, of IL13R␣ transcripts in the organs studied, even after 2-weeks of film exposure. However, with the first dot-blot developed in our laboratory (Clontech cat # 7770-1; not shown) we noticed an unusually high density labeling with the IL13R␣ cDNA probe to transcripts derived from testis (dot 1-D). This was also found using another Northern blot membrane (not shown; Clontech cat # 7775-1; dot 8-F). Other organs, which transcripts hybridized to the IL13R␣ cDNA (aorta, liver, and pituitary gland), had the density of labeling much lower in dot-blots (2-C, 2-E, 4-D, and 4-B, 9-A, 3-D, respectively). Of importance, there was no evidence for the presence of significant IL13R␣ expression in the CNS (blot # 7775-1, columns 1-3; and blot # 7770-1, rows A and B).
To confirm the true positivity of our findings made using dot-blot analysis, both qualitatively and size-wise, we used membranes with electrophoretically separated mRNAs. Again, the discrete regions of normal human brain did not produce clear-cut hybridization signals (Fig. 2 , panels I and II). On the other hand, the only organ with the prominent hybridization band corresponding to the mRNA of 1.5 kb was seen in testis (Fig. 2, panel  III) . Others also found this size of the transcript for IL13R␣ (16) . Poorly detectable signals were seen in placenta, liver, and kidney (Fig. 2, panel  IV) . Thus, only the testes can be considered as the prominent expressors of IL13R␣ among normal tissues. No transcripts for IL13R␣ were readily detected in the CNS.
Northern Blot Analysis of Transcripts for IL13R␣' In Normal Tissues
IL13R␣' is a component of a heterodimeric form of IL13 receptor that is shared with IL4, IL13/4 receptor (Fig. 1B and Fig. 3 , closed drawing). This shared IL13/4 receptor is the only physiological signaling IL13 receptor (5), although we find it at modest levels in several adenocarcinomas as well (4) . However, we consider IL13R␣ a much better molecular target when compared with the IL13/4 for improving the management of diseases, such as HGG. This is primarily because IL-4 independent IL13 binding densities are much higher in malignancy, compared with IL13/4 sites (4,9). We also produced evidence suggesting a feasibility to redirect IL13 from IL13/4 receptor sites towards IL4-independent sites, such as IL13R␣ (12, 13) . We, thus, explored in detail the expression of IL13R␣Ј in normal human tissues (Fig. 3) . Either dot-blot analyses (not shown) or electrophoretically separated transcripts (Fig. 3, panels I-IV) unequivocally demonstrated IL13R␣Ј hybridization in a variety of the organs studied. The most enriched in the IL13R␣Ј transcripts were medulla, spinal cord, substantia nigra, thalamus, and in corpus callosum, within the CNS (blot # 7770-1, dots 2-C, 2-G, 3-A, 3-C, 3-E; respectively). Size fractionated mRNAs confirmed that there were many positive signals seen in dot-blots, with the strongest signals observed in ovary, heart, liver and kidney (Fig. 3, panels III and IV) . Of interest, liver showed two hybridized species of mRNA (one of 4.5 kb and the other of 2.0 kb) as an example of a normal organ with a doublet of positive signals of different sizes. In summary, discrete regions of normal human brain did produce clear-cut positive hybridization signals for IL13R␣Ј (Fig. 3 , panels I and II). In addition, many vital peripheral organs exhibited hybridization bands corresponding to the mRNA of 4.5-4.65 kb (Fig. 3 , panels III and IV).
Gene Expression Analysis of IL4R ␤ In Normal Tissues
IL4R ␤ is another component of a heterodimeric form of IL13 receptor, besides IL13R␣Ј, that is shared with IL4, IL13/4 receptor (Fig. 1A and Fig. 4, closed drawing) . Thus, we analyzed whether the distribution of IL4R ␤ gene expression pairs the expression of that for IL13R␣Ј, its partner in an IL13/4 signaling receptor (Fig.  1) . All Northern blot analysis membranes used in this study demonstrated enriched content of the IL4R ␤ transcripts in a variety of tissues (Fig. 4, panels I , II, and IV). The presence of the transcripts within the CNS was most evident, as was the case for IL13R␣Ј, in medulla, spinal cord, substantia nigra and thalamus (blot # 7775-1, dots 2-G, 3-E, 3-A, 3-C and blot # 7770-1, dots 8-A, 7-B, 3-B, 5-B, not shown) (Fig. 4 , panels I and II). Among normal peripheral organs, liver, lung, kidney, intestinal tract, spleen, stomach, and testis demonstrated gene expression of IL4R ␤ , which was generally similar to that seen with IL13R␣Ј (not shown). Thus, discrete regions of normal human brain contain transcripts for both IL13R␣Ј and IL4R ␤ , a complete heterodimer of the shared IL13/4 receptor. Furthermore, several vital peripheral organs contained the two subunits of the IL13/4 receptor, including heart, liver, lung and intestinal tract.
Control Hybridization of ␤-actin
All membranes used for Northern blot analysis of IL13 receptors transcripts were also hybridized with a cDNA probe for a housekeeping gene, ␤-actin ( Fig. 5 ; dot blots and panel III not shown). The intensity of the signals for ␤-actin usually was in accordance to the amount of mRNA present on the membranes, as estimated by the manufacturer.
Fig. 3. Northern blot analysis of human interleukin 13 receptor ␣ (IL13R␣) transcripts (closed figure) in series of CNS (panels I and II) and peripheral tissues (panels III and IV).
The migration position of mRNA is shown in kilobases. Films were exposed for 2 weeks, except for membranes shown in panels III and IV, which were exposed for 3 days.
Fig. 5. Northern blot analysis of human ␤-actin transcripts in central nervous system (CNS) (panels I and II) and peripheral tissues (panel IV).
The migration position of mRNA is shown in kilobases. Films were exposed for 1-3 hr.
Gene Expression of IL13 Receptors In Cells
We next analyzed gene expression of the two IL13 receptors in malignant and normal cells (Fig. 6) . Transcripts for IL13R␣, IL13R␣Ј, IL4R ␤ and ␤-actin were examined in serial hybridization assays. Our laboratory's isolated explant cells of HGG (G-48), as well as human malignant glioma established cells (A-172 MG, U-373 MG, and U-251 MG), demonstrated intense signals for IL13R␣ (Fig. 6) . On the other hand, the transcripts for the elements of the shared IL13/4 receptor, IL13R␣Ј and IL4R ␤ , were found at lower levels, compared with that for IL13R␣ (Fig. 6) . A-172 MG cells appeared to be the most enriched in the components of the IL13/4 receptor heterodimer. This result is a molecular blueprint for the observed phenomenon of a higher density of IL4-independent IL13 binding sites vs. the sites shared with IL4 found in HGG (9) . Of interest, two species of different sizes of the transcripts for both IL13R␣ and IL13R␣Ј were seen in cells (Fig. 6) . In a control assay, human umbilical vein endothelial cells (HUVEC) showed the presence of transcripts for IL13R␣Ј and IL4R ␤ , but not for IL13R␣ (Fig. 6) . The elements of the shared IL13/4 receptor were demonstrated in HUVEC previously (17) . This is in agreement with our data indicating that A-172 MG cells are responsive to the IL4-based cytotoxin in a manner similar to that seen in HUVEC (9; and Debinski, unpublished).
In our preliminary evaluation, we detected gene expression of IL13R␣ in two specimens of HGG (Fig. 6, GBM 13 and GBM 52), but we could not demonstrate it in two normal brain specimens (Fig. 6 , NB 3 and NB 6). However, the transcripts for IL13R␣Ј were found in all of these specimens (not shown).
Discussion
The presence of the form of IL13 receptor, IL13R␣, that is IL4-independent in series of discrete regions of the CNS and in many normal organs was found to be negligible. Only the testes showed an intense signal for the IL13R␣ message, using Northern blots analysis. On the other hand, the mRNA for IL13R␣ was readily detected in human glioma cells. Unlike IL13R␣, the message for the two components of the shared IL13/4R, IL13R␣Ј and IL4R ␤ , was readily found in several regions of the CNS, such as medulla, spinal cord, substantia nigra and thalamus, and in vital peripheral organs, such as lung, liver, kidney, heart, and gastrointestinal tract. The intensity and the localization of the signal for IL13R␣Ј paired in principal with that for IL4R ␤ , which indicates the presence of a functional signaling heterodimer of the IL13/4 receptor in several regions of the normal human brain. These results support our attempts at redirecting potent antiglioma diagnostics/therapeutics away from the physiological IL13/4R and more towards the restrictive, IL4-independent, receptor for IL13 (12, 13, 18) . This molecular maneuver provides a significant increase in the specificity of molecular targeting of human malignant gliomas. Even for a local intracranial interstitial delivery of IL13-based therapeutics (14) , it would be preferable to employ reagents with altered reactivity towards IL13/4R, since normal human brain evidently possesses this receptor (Figs. 3 and 4). Our current study also revealed, unexpectedly, another novel and intriguing aspect of the IL13 system's pathobiology. We documented previously that the binding sites for IL13 that are IL4-independent are high-grade, gliomaassociated receptor sites. In addition, the gene for IL13R␣, an IL4-independent IL13-binding protein, is localized to chromosome X (16) . Furthermore, our present study demonstrates that the IL13R␣ expression among normal tissues is prominent only in the testes. This triumvirate of factors mimics the three main biologic characteristics of a growing family of serological identification of antigen by recombinant expression cloning (SEREX) tumor antigens (19, 20) . Such antigens have been uncovered by the procedure in which sera of cancer patients serve as a source of autologous anti-tumor antibodies and phage libraries of patients' tumors serve as a source of tumor antigens (19, 21) . Since almost all of the SEREX antigens showed a prominent expression in testes, with their very limited presence in few other normal tissues, a new term of testis/cancer antigens was proposed. The methodology was simplified from using libraries based on patients' tumors to solely testes-derived libraries, with subsequent successful identification of new tumor antigens (22) . Of interest, the testis/cancer tumor antigens are representative of the group of antigens which were originally T cell-defined antigens, such as MAGE, GAGE, BAGE, etc., and which were most successfully employed in anti-cancer vaccines in the clinic thus far (23) .
The search of the SEREX database (www.licr.org, University of Saarland, Homburg, Germany) failed to match IL13R␣ with any known SEREX or testis/cancer antigen. This may be due to several reasons. First, the patients with HGG are considered to have a depressed immune system; therefore, it may be difficult to isolate the existent autologous anti-glioma antibodies due to their possible low titers (24) . However, the evidence for testis/cancer antigens being expressed in a subfraction of brain tumors has been provided recently (22) . In addition, MAGE and GAGE tumor antigens have been shown to be present in HGG to some extent by their transcript amplification (25) . Second, the recombinant expression cloning involves expression of human proteins in a prokaryotic host using a phage system (19, 22) . Our own experience with the IL13R␣ expression in bacteria has been, thus far, negative (unpublished data). It is plausible that the original SEREX detection system fails to recognize some of the existing tumor antigens on the basis of their inability to refold properly in a phage presentation system. This scenario could be especially true for transmembrane proteins. Third, investigations exploring SEREX have not come up naturally with such an antigen yet. Independent of all of these three possibilities, it is becoming imperative to screen HGG patients for the presence of autologous anti-IL13R␣ antibodies and to examine T-cell responses by IL13R␣. If found, then it would be of interest to correlate the titer of autologous anti-IL13R␣ antibodies with the stage and the course of highgrade gliomas. We have commenced studies to address those new and important issues.
Cytotoxins based on IL13 mutants are extremely potent anti-HGG compounds in vitro and in vivo (1, 10) . We provided evidence for a ubiquitous over-expression of an IL13R that is IL4-independent in human HGG specimens (1) . Our concomitant analysis of gene expression of the two IL13 receptor types underlines the need to avoid the targeting of the shared IL13/4R in experimental diagnostic/ therapeutic approaches that are related to HGG. In addition, the presented pathological and biological distribution of the IL13 receptors enabled us to identify the more restrictive HGG-associated receptor for IL13 as a previously unknown testis/cancer antigen, the first of such prevalence among brain tumors. This opens an attractive possibility of IL13R␣ also becoming a rational target for treatments, such as protein/peptide-based vaccines for the treatment of malignant gliomas (23) . We envision that a combination of direct cytotoxic therapy and active immunotherapy of human HGG would be a desirable molecular therapeutic approach for this invariably incurable disease (26) . Cancer/testis antigens have been suggested to play a major role in new immunotherapies of cancer (27) . Moreover, such therapeutic opportunities could be available for patients with other cancers or diseases, such as the ones over-expressing IL13R␣, since normal tissue representation of this receptor is negligible. We recently underlined a possible significance of the presence of testis/cancer antigens in brain tumors (28) .
